The effect of heating conditions on the crust color formation was investigated during the baking of white bread. The surface temperatures were monitored with thermocouples attached to the inside surface of the loaf pan cover. The trace of the surface color in the L Ã a Ã b Ã color coordinate system is defined as the characteristic coloring curve. The overall baking process was classified into the following four stages based on the characteristic coloring curve: i) pre-heating (surface temperature < 110 C), ii) Maillard reaction (110-150 C), iii) caramelization (150-200 C), and iv) overbaking (surface temperature > 200 C). A linear relationship was observed between the L Ã decrease and the increase in weight loss of a sample at each oven air temperature. The L Ã value appeared to be suitable as an indicator to control the surface color by baking conditions. Key words: characteristic coloring curve; L Ã a Ã b Ã color value; weight loss; surface temperature; white bread
The bread-making process can be broadly classified into mixing, fermentation, molding and baking. Baking, in particular, is a key step in which the raw dough piece is transformed into a light, porous, readily digestible and flavorful product under the influence of heat. 1) Numerous studies on bread baking have therefore already been reviewed. [2] [3] [4] [5] [6] White bread is one of the most popular types, and is distinguished by having a crunchy and yellow-gold crust, besides other features (i.e., a spongy and light crumb with soft texture and intermediate moisture, and a typical flavor). 7) White bread (Pullman type) has been extensively adopted in North America and such Asian countries as Japan and South Korea. 8) The bakery industry in these countries consequently requires tools to evaluate processing options in the feasibility phase of process design for white bread. Predicting and controlling the development of crust color are particularly important issues for bread-making companies to satisfy consumer preference. 9) Surface color is one of the important characteristics of baked products which may be considered as a critical index of baking. 10) Bread color develops late in baking, simultaneously with crust formation, and arises from such chemical processes as the Maillard reaction and sugar caramelization.
11) The Maillard reaction is mainly responsible for color development at the surface temperatures of bakery products below 150 C, while caramelization and carbonization occur when the product surface temperature is above 150 C. 12) Expressing the changing pattern of surface color in an easily understandable manner would be helpful for bakeries to predict the surface color under various heating conditions. However, the relationships among the color values, surface temperature and weight loss of white bread during baking have not previously been systematically investigated.
The objectives of this present work are to measure the changes in the temperatures of white bread samples at the surface during baking and in the color values around the measuring locations of these temperatures, and to define the characteristic coloring curve for white bread during the baking stages based on the relationship among the color values.
Materials and Methods
Sample preparation. Bread dough samples were prepared by using a standard recipe for Pullman-type bread: 100.0 g of wheat flour with an ash content of 0.37% and protein content of 11.8% (Nissin Flour Milling, Tokyo, Japan), 68.0 g of water, 5.0 g of sugar, 5.0 g of shortening (Nippon Flour Mills Co., Tokyo, Japan), 2.2 g of yeast (Oriental Yeast Co., Tokyo, Japan), 2.0 g of salt, 2.0 g of skim milk powder and 0.1 g of improver (Kirin Kyowa Foods Co., Tokyo, Japan) per 100.0 g of flour. The samples were produced by a laboratory sponge-and-dough procedure with formulation and processing conditions similar to those used in Japan (Fig. 1) . The sponge ingredients were 70% of the wheat flour, yeast and water, and these were mixed with a 5DM-L-03-R versatile mixer having a 4.5-L container (Dalton Co., Osaka, Japan) for 2 min at 63 rpm and then for 2 min at 126 rpm, before fermenting for 240 min at 29 C and relative humidity of 85% in a PET-22D fermentation cabinet (Fujisawa Maruzen Co., Tokyo, Japan). The sponge and remaining wheat flour, salt, sugar and skim milk were then mixed for 2 min at 63 rpm and then for 2 min at 126 rpm, before adding shortening and mixing for 2 min at 63 rpm and then for 6 min at 126 rpm. After a 15-min rest period, the dough samples were divided into 360-g portions, rounded, and rested for a further 25 min at 26 C, before each was loaded into a Pullman loaf pan (80 Â 80 Â 170 mm, iron-aluminum). After a final proofing for 40 min at 38 C and relative humidity of 85%, each portion, whose initial moisture content was 47.1% and initial weight was 360 g, had swollen to reach about 2-4 cm beneath the top cover, and was ready for the baking tests.
y To whom correspondence should be addressed. Tel: +81-6-6333-0521; Fax: +81-6-6333-3531; E-mail: moonisi@saneigenffi.co.jp Baking tests. The dough samples were baked in a DOE-02 static electric oven (Misuzu Koki Co., Mie, Japan) with oven air temperatures ranging from 140 to 260 C and baking times from 5 to 80 min. A jack stand was placed in the center of the oven to ensure uniform heating conditions. The results of preliminary experiments showed that all of the bread loaves on a jack stand had been baked under the same thermal conditions. Measurement of the temperature and weight loss. As shown in Fig. 2 , the top surface temperatures of the sample were measured by using five sheathed thermocouples attached to the inside surface of the loaf pan cover. These thermocouples were of the K type comprising chromel-alumel wires of 0.2 mm in diameter. The oven air temperature (T air ) is defined as that measured with another thermocouple whose junction was located 10 mm above the center of the pan cover during baking as indicated by point B in Fig. 2 . The oven temperature was the set temperature of the static oven. Figure 3 illustrates details of the arrangement of the thermocouple to measure the sample surface temperature indicated at point A in Fig. 2 . The sheathed thermocouple was passed through the pan cover and secured and sealed to it with ceramic adhesive. The welded junction was located close to the inside surface of the pan cover, but avoiding contact with it. The dough swelled up to reach the top cover in the early stage of baking. This event is called the oven spring phenomenon and finished about 90 s after the starting time of baking. The bread surface temperature in this study is defined as that measured after the oven spring event. The output from each thermocouple was recorded every second with a personal computer through an NR-500 data logger (Keyence Corp., Osaka, Japan).
The weight of each loaf pan with the bread was measured before and after baking, and the weight loss was derived from the weight change. The weight loss ratio (W l ) is defined as the percentage of mass lost during baking to the initial mass.
Measurement of surface browning. The CIE L Ã a Ã b Ã color system was employed to express the color value of the sample surface.
13) Each bread sample was removed from the oven and cooled to room temperature before measuring the color values of the sample surface with an NF 333 pen-type spectrophotometer (Nippon Denshoku Industries Co., Tokyo, Japan). The color values were measured at four locations in a 0.5 centimeter square just around the five thermometric positions shown in Fig. 2 . The color difference (ÁE) values were derived from the following equation:
where the color value of (L 
Results and Discussion
Oven air temperature and bread surface temperature Figure 4 shows the typical time-course changes in the oven air and bread surface temperatures measured with thermocouples at respective thermometric positions A and B in Fig. 2 . The sudden decrease in surface temperature seen at around 3 min is considered to have been due to contact of the thermocouple junction with the swollen dough surface caused by oven spring phenomenon. The bread surface temperature defined as that after this event is shown by the solid black line in Fig. 4 . Under a set temperature of 220 C, the oven air temperature reached equilibrium after about 5 min, while the surface temperature continued to rise towards the oven air temperature during the baking period. • 240 min at 29ºC and RH 85%
• Remaining ingredients except shortening are added.
• Kneaded for 2 min at 63 rpm and 2 min at 126 rpm • Shortening is added.
• Kneaded for 2 min at 63 rpm and 6 min at 126 rpm
• 15 min at 26ºC
• 25 min at 26ºC
• 40 min at 38ºC and RH 85% simple linear regression, multiple regression and principal component analyses. A characteristic coloring curve was then derived by solving those equations. Figure 5 shows 
where the regression coefficient is R 2 ¼ 0:93. Equation 3 can also be expressed as a flat surface (Fig. 6) . A principal component analysis was subsequently applied to the curved surface including data plots shown in Fig. 6 to determine the mathematical equation for the curved surface as follows:
Since the characteristic coloring curve is the intersection line between the flat and curved surfaces including the plots, the equation of the characteristic coloring curve was determined by solving Eqs. 3 and 4:
All the raw data for color values, that is 20 measuring locations for each sample (Fig. 2) , are expressed in the 3-dimensional L Ã a Ã b Ã color coordinate system by using MATLAB R2008a (The MathWorks, Novi, MI, USA) as shown in Fig. 7 . The trace for the surface color is defined as the characteristic coloring curve for the specified dough composition.
Mohd Jusoh et al. 14) have determined the color ranges for the inner crust region as L Ã < 70, a Ã > 0, and b Ã > 13, so these criteria was adapted to determine the pre-heating period. Crust browning occurs when the temperature is greater than 110 C, 15) and then is mainly due to the Maillard reaction rather than caramelization.
2)
The Maillard reaction is principally responsible for the color development of bakery products at a surface temperature below 150 C, while caramelization and carbonization occur at a product surface temperature above 150 C. 12 ) ÁE has been found to be one of the indicators for identifying the over-baking condition, because ÁE ¼ 52 corresponded to the burnt sample.
10)
ÁE > 50 is considered to represent the over-baking condition in this study. The overall baking process for the characteristic coloring curve was classified into the following four stages: i) pre-heating (surface temperature < 110 C), ii) Maillard reaction (110-150 C), iii) caramelization (150-200 C), and iv) over-baking (surface temperature > 200 C).
Total color values and surface temperature
The average color values discussed next were calculated from the four color measuring locations just around the central thermometric position during baking. The total color difference (ÁE) values were plotted against the surface temperature (Fig. 8) . Figure 8 includes ÁE values for the samples baked at different oven air temperatures ranging from 140 to 260 C, the values appearing to increase with increasing surface temperature of the sample.
Color values and heating conditions
The characteristic coloring curve in Fig. 7 clearly demonstrates that both a Ã and b Ã each have a specific value for a certain L Ã . Since the L Ã values decreased irreversibly as baking proceeded L Ã is considered to be a suitable indicator to control the surface color by baking conditions. Figure 9 shows the L Ã values against the baking time for the samples. Different symbols indicated different oven air temperatures, and standard deviations for the plots are shown as error bars. The L Ã value tended to decrease with longer baking time. This appeared to reach a constant value at a certain level depending on the oven air temperature. The square symbol plots for an oven air temperature of 180 C, for instance, appeared to reach a minimum L Ã value at around 47, while the minimum L Ã value for 220 C of the filled circle symbols appeared to be around 20. Since the minimum L Ã value is considered to be due to the differing equilibrium temperature of the surface, the L Ã value appears to have an equilibrium value depending on the oven air temperature. Figure 10 shows the L Ã values plotted against the surface temperature for the samples baked at an oven air temperature of 220 C. A linear relationship was observed between the L Ã value and surface temperature with a regression coefficient of R 2 ¼ 0:87. The L Ã value appeared to have a specific value for each surface Each plot presents the color value for the bread surface baked at various oven air temperatures.
temperature, the value decreasing with increasing surface temperature during the baking process. Figure 11 shows the L Ã value plotted against the weight loss for the samples baked in an oven air temperature range of 180-260 C. A linear relationship was apparent at each oven air temperature. The gray and black solid and dotted lines show the approximate plots for oven air temperatures of 180, 220 and 260 C, and the approximate equation with coefficient of determination is that for 220 C. These results suggest that the L Ã value could be estimated from the weight loss. The L Ã value decreases with increasing weight loss, the rate of decrease of L Ã for the samples baked at an oven air temperature of 260 C being greater than that for the samples baked at 180 and 220 C. The color values move along the characteristic coloring curve from the largest L Ã value for the initial dough to the smaller values, and these observations suggest that the color values for the samples baked under the highest oven air temperature changed to the greatest extent during the same baking period. 
Conclusions
The color values for the surface of baked bread were measured for different baking times and for different oven air and bread surface temperatures. A similar trace for the surface color values was obtained from samples baked at various oven air temperatures. The trace defines the characteristic coloring curve, and the formula to predict the curve is proposed. Different formula might be needed for bread baked from different dough compositions. The curve indicates that a Ã and b 
